Environmental and age-related effects on learning and memory were analysed and compared with changes observed in astrocyte laminar distribution in the dentate gyrus. Aged (20 months) and young (6 months) adult female albino Swiss mice were housed from weaning either in impoverished conditions or in enriched conditions, and tested for episodic-like and water maze spatial memories. After these behavioral tests, brain hippocampal sections were immunolabeled for glial fibrillary acid protein to identify astrocytes. The effects of environmental enrichment on episodic-like memory were not dependent on age, and may protect water maze spatial learning and memory from declines induced by aging or impoverished environment. In the dentate gyrus, the number of astrocytes increased with both aging and enriched environment in the molecular layer, increased only with aging in the polymorphic layer, and was unchanged in the granular layer. We suggest that long-term experience-induced glial plasticity by enriched environment may represent at least part of the circuitry groundwork for improvements in behavioral performance in the aged mice brain.
Introduction
The environmental conditions under which animals are reared affect subsequent cognitive performance (Kempermann et al., 1997; Duffy et al., 2001; Teather et al., 2002 ). An enriched environment has been defined as that which offers social interactions with conspecifics and stimulation of exploratory and motor behavior with periodic changes in the variety of toys, ladders, tunnels, ropes, bridges and running wheels for voluntary physical exercise. In contrast, an impoverished environment offers standard cages with reduced sensorial, motor and cognitive stimulation (van Praag et al., 2000) . Compared with those reared in impoverished environments, rodents reared in enriched environments exhibit increases in brain size and weight, the number of neurons in the dentate gyrus, the number and area of synapses, the number and density of dendritic branches, and the production of neurotrophic factors (Rosenzweig & Bennett, 1996; Kolb & Whishaw, 1998; van Praag et al., 2000; Rampon & Tsien, 2000) .
Studies of environmental effects on brain plasticity have focused on altered neuronal morphology; however, substantial morphological changes have also been shown to occur in glial cells (Sirevaag & Greenough, 1991; Komitova et al., 2002) , and the first report to describe glial multiplication associated with enriched environment was published in 1964 using autoradiography (Altman & Das, 1964) .
Integrated studies involving aging, environment and glial changes have recently become popular because astrocytes are implicated in a number of local hippocampal regulatory processes that affect learning and memory (Junjaud et al., 2006; Magistretti, 2006; Mothet et al., 2006; Todd et al., 2006; Perea & Araque, 2007) . Indeed, in the murine hippocampus, astrocytes are by far the most numerous of glial cells, and several studies have revealed age-related increases in astrocytes (Pilegaard & Ladefoged, 1996; Long et al., 1998b; Mouton et al., 2002) . In the rat hippocampus, it was shown that astrocytes were smaller in size and number in aged rats raised in enriched environments compared with age-matched controls (Soffie et al., 1999) . On the other hand, astrocytes in the CA1 region of adult mice raised in an enriched environment presented similar numbers, but longer and more ramified branches, than the controls housed in standard cages (Viola et al., 2009) . It has been previously suggested that astrocytes exhibit transient responses to the individual's stress history rather than longterm adaptive responses to differential effects of rearing in complex or laboratory cage environments (Sirevaag & Greenough, 1991) . These and other data (Chadashvili & Peterson, 2006; Billard & Rouaud, 2007) demonstrate that we lack understanding regarding associations between non-neuronal plasticity and the effects of environment and aging (Markham & Greenough, 2004) . Many questions remain unresolved, including the quantitative relationships between changes in morphology and behavior and between changes in astrocyte number and environment and aging-related factors. Indeed, no studies have reported simultaneous (unbiased) measurements of the number of dentate gyrus astrocytes and assessments of behavior in murine models of aging raised in different environments.
In the present report, we assessed the integrated memories of young adult (6 months) and aged (20 months) mice raised in either enriched or impoverished environments, and we investigated whether affected memories were correlated with changes in the number of astrocytes in the dentate gyrus.
Materials and methods

Subjects and experimental groups
Seventy-one albino Swiss female young adult (6 months) and aged (20 months) mice were housed from weaning in enriched conditions (EC, n = 27) or impoverished conditions (IC, n = 29). These formed four experimental groups: enriched environment, young adults (EY, n = 12); impoverished environment, young adults (IY, n = 13); enriched environment, aged adults (EA, n = 15); and impoverished environment, aged adults (IA, n = 16). EC comprised two-level wire cages (100 · 50 · 100 cm), equipped with ropes, rod bridges, tunnels, running wheels and toys. Toys were made of different forms of plastic, wood and metal of different colors, and were changed periodically. Each EC cage housed 12-15 young and aged mice. Water and food were delivered to the top and bottom levels, respectively. This obliged mice to move from one compartment to another for drinking and eating.
IC comprised plastic cages (32 · 39 · 100 cm) without equipment or toys. Each IC cage housed 12-13 young and aged mice. All mice had free access to water and food. In addition, 12-h dark and light cycles were maintained. Behavioral tests were given during the light cycle.
Behavioral procedures
We used the episodic-like memory test to assess integrative memories (Dere et al., 2005a) , and a long-term water maze test to assess learning and spatial memory (Morris, 1984) . All young adult (EY and IY) and aged (EA and IA) mice were used in both tests.
The apparatus for the episodic-like memory test consisted of an open box (30 · 30 · 40 cm) made of painted white wood. The floor was painted with black lines to form nine squares (10 · 10 cm), and the luminance at the center of the cage floor was 2.4 cd ⁄ m 2 . Detailed protocols and the rationale for test choices were discussed elsewhere (Dere et al., 2005a,b) . In brief, behavioral assays were performed after 12 days: 7 days to become accustomed to handling, 3 days for open field habituation, 2 days for object habituation, and then 1 day of testing.
Handling
Each day, mice were placed in the center of the arena for 1 min and then removed to their cages.
Open field habituation
Each day, mice were placed in the arena, free of objects, for 5 min to explore the open field.
Object habituation
Each day, mice were exposed to two identical objects placed at the corners of the arena for 5 min, three times, with 50 min in between. These objects were not used on the test days.
Testing
The episodic-like memory test was administered once for each mouse. In order to minimize the influence of natural preferences for particular objects or materials, we chose objects of the same material, with different geometries that could be easily discriminated, and similar access for interaction (Dere et al., 2005a) . All objects were made of plastic with different shapes, heights and colors. Before each mouse entered the arena, the box and objects were cleaned with 75% ethanol to minimize distinguishing olfactory cues.
Episodic-like memory test
A diagram of the episodic-like memory test is shown in Fig. 1 . This test consisted of three trials: two 5-min sample trials and one 5-min test trial, with 50-min intervals between trials. In the first sample trial, four identical objects were presented. In the second sample trial, four different identical objects were presented. In the test trial, two objects from sample trial 1 ('old' objects) and two objects from sample trial 2 ('recent' objects) were presented. In addition, one object from the first sample trial was shifted to a new location ('displaced' object), but the objects from the second sample trial remained in the same places ('stationary' objects). It was expected that mice would spend more time with objects from the first sample trial (old objects) than those from the second sample trial (recent objects), and would show a preference for the 'old, displaced' object, a second preference for the 'old, stationary' object, and finally equal preferences for the 'recent stationary' objects. In the episodic-like memory test the exploration of an object was assumed when a mouse approached an object, the head was directed towards it, and the head was placed within 0-3 cm from the object. This definition required that each object be fixed to the apparatus floor, thus we chose heavy objects for interaction. The performance was defined as the percentage of time spent exploring one object. To account for individual variability in exploratory activity, the time spent with each object was normalized by the total exploration time for each individual.
Detailed statistical procedures for episodic-like memory tests protocol were described elsewhere (Dere et al., 2005a) . In brief, for the episodic-like memory test, the basic measure obtained from videoimages was the time a mouse spent during the test trial in explorations of the 'old', 'recent', 'displaced' and 'stationary' objects. The performance was the time of exploration for each object, expressed as a proportion (percentage) of the total time of exploration. Possible significant differences were also detected with the two-tailed t-test for dependent groups (Dix & Aggleton, 1999) .
Water maze test
A different set of young (EY, n = 12; IY, n = 13) and aged (EA, n = 15; IA, n = 11) adult mice groups were trained in the water maze adapted for mouse dimensions. The circular pool and platform were 94 and 14 cm in diameter, respectively, and the platform was 1 cm below the water surface. To occlude the platform, the pool was filled with dark-blue water (22 ± 2°C) colored with a non-toxic dye. In each trial, the subjects were allowed 1.5 min to find the hidden platform; trials were separated by intervals of 90 s; the task was considered complete when animals found and remained on the platform for 5 s. The first day of water maze training was dedicated to adapting the animal to the aquatic labyrinth. In the remaining 7 days, animals were tested once per day in four trials. The learning rate 'C ' for the water maze was assessed by measuring four trials of escape latency and comparing results measured on the 1st and 5th test days. The ratio was denoted as C, the contrast index, calculated with the following equation:
where L1 and L5 are the escape latencies or total distance traveled to find the platform measured on the 1st and 5th test days, respectively. The contrast index was used to normalize the learning curve to each individual's performance, thus accounting for the variation in performances between individuals (Torres et al., 2006) . Raw data were also included to illustrate individual performances in the water maze tests and compare with contrast values. We recorded escape latency, distance traveled, average swimming speed and trajectories for each mouse. All groups were compared using one-way anova, Bonferroni a priori test or two-way anova followed by Bonferroni post hoc tests, with differences between groups accepted as significant at a 95% confidence level (P < 0.05).
All tests were recorded with a webcam, and images were analysed with a computer program to score the time spent interacting with objects and performance in the water maze (ANYMAZE tracking system, Stöelting). Computer analysis was performed offline.
Perfusion and histological procedures
At the end of the water behavioral tests, all subjects were weighed and killed with an overdose of ketamine (100 mg ⁄ kg) and xylazine (10 mg ⁄ kg; Konig Laboratories). They were then perfused transcardially with heparinized saline for 10 min, followed by an aldehyde fixative (4% paraformaldehyde in 0.1 m phosphate buffer, pH 7.2-7.4) for 30 min. All chemicals were purchased from Sigma (São Paulo, Brazil). After perfusion and craniotomy, the brains were removed and cut on a vibratome at a 70 lm thickness. One out of each five sections was used to detect glial fibrillary acid protein (GFAP) by free-floating immunohistochemistry. Free-floating sections were rinsed once in 0.1 m phosphate buffer, transferred to 0.2 m boric acid pH 9.0, heated to 65-70°C for 1 h, and then washed three times, 5 min each, in PBST (5%). The sections were incubated under constant shaking in a 1% hydrogen peroxide solution in methanol for 10 min, then rinsed twice, Environment, aging, astrocytes and memory 511 USA). Blocking was followed by three washes, 2 min each, in PBS. Sections were incubated in a working solution of protein concentrate for 5 min, then incubated with monoclonal mouse anti-GFAP primary antibody (MAB360, CHEMICON Int, USA), diluted 1 : 800 in protein concentrate solution (M.O.M. kit), at 4°C for 3 days with continuous, gentle agitation. Next, the sections were washed three times, 2 min each, in PBS and incubated for 20 h with the biotinylated horse anti-mouse secondary antibody (M.O.M. kit), diluted 1 : 100 in PBS. After three washes, 2 min each, in PBS, sections were transferred to an avidin-biotin-peroxidase complex solution (ABC, Vector Laboratories, USA; 1 : 200) for 1.5 h, washed three times, 2 min each, in 0.1 m PBS, and processed with the glucose oxidasediaminobenzidine-nickel method and peroxidase histochemistry (Shu et al., 1988) .
The reaction was interrupted after fine astrocytic branches were detected under the microscope. Sections were rinsed four times, 5 min each, in 0.1 m PBS, mounted on gelatinized slides, dehydrated in alcohol and xylene, and coverslipped with Enthelan (Merck).
Photomicrographic documentation and processing
Digital photomicrographs were taken with a digital camera (Microfire, Optronics, CA, USA) coupled to a Nikon microscope (Optiphot-2, NY, USA). Digital photomicrographs were processed with Adobe Photoshop 7.0.1 C.S.2 software (San Jose, CA, USA) for scaling and adjusting the levels of brightness and contrast applied to the whole image.
The selected micrographs display representative sections from each experimental group in which the astrocyte number in each region of interest was closest to the mean value for that region.
Microscopy and optical fractionator
Details of the optical fractionator methodology, experimental parameters and results for each subject are described in online supplementary material (Tables S1-S6 ).
In brief, we delineated at all levels in the histological sections the region and layers of dentate gyrus, digitizing directly from sections using low-power 3.2 · objective on a Optiphot-2 microscope (Nikon, Japan) equipped with a motorized stage (MAC200, Ludl Electronic Products, Hawthorne, NY, USA). This system was coupled to a computer running Stereoinvestigator software (MicroBrightField, Williston, VT, USA) used to store and analyze x, y and z coordinates of digitized points. In order to detect and count unambiguously the objects of interest in the dissector probe, low-power objective was replaced by a 60· oil immersion planapochromatic objective (NIKON, NA 1.4) to count astrocytes.
Area and objects of interest.
The border between the polymorphic layer and the CA3 region was arbitrarily defined in horizontal sections with a straight line that connected the tip of the pyramidal cell layer of the CA3 with the two tips of the granular cell layer. CA3 pyramidal and dentate gyrus granular layers appeared as darker bands that were easily distinguished from the polymorphic layer. The straight line was used to distinguish the astrocytes of the CA3 from the astrocytes of the polymorphic layer. All other layers of the dentate gyrus were conspicuously distinguished from each other, and individual astrocytes were promptly identified on the sections immunoreacted for GFAP.
Results
Behavioral assays
Episodic-like memory test
Only young adult and aged mice from the enriched environment were able to integrate object recognition in a spatio-temporal context. The subjects from impoverished environments were unable to make the appropriate distinctions (Fig. 1) . In the spatial memory component of episodic-like memory, young and aged subjects housed in EC spent, respectively, more time in the displaced than stationary objects (EY, 26.96 ± 2.37 vs. 12.37 ± 2.96, t 11 = 3.98, P = 0.003; EA, 29.65 ± 3.81 vs. 18.33 ± 2.07, t 13 = 2.29, P = 0.039). In the identity and temporal memory components, young and aged subjects housed in EC spent, respectively, more time in the old than recent objects (EY, 30.33 ± 1.96 vs. 12.37 ± 2.96, t 11 = 3.84, P = 0.004; EA, 26.00 ± 1.81 vs. 18.33 ± 2.07, t 13 = 2.55, P = 0.024).
Water maze spatial memory tests
The water maze tested the impact of the environment and aging on the ability of an animal to learn and remember the position of a hidden platform. Figure 2A illustrates the results for the water maze performance in each experimental group, and the learning rate (contrast index) was based on escape latencies. The IY, EY and EA groups were able to learn and remember the position of the hidden platform, but the IA group did not learn the position of the platform. The tracking of the swimming trajectories at the 5th day in Fig. 2B revealed that an enriched environment improved the ability to devise a strategy for reaching the hidden platform in both young and aged groups. Figure 2C represents individual absolute values (black circles) and the average of daily distance (m) for each group (squares). Note that, related to the 1st day, IY and EY reduced significantly the traveled distance on the 3rd day (IY mean diff. = 2.28, P £ 0.01; EY mean diff. = 1.27, P £ 0.05), whereas EA and IA only in the 5th (mean diff. = 1.49, P £ 0.05) and 7th (mean diff. = 1.27, P £ 0.05) days, respectively. Two-way anova applied to the learning rate revealed that age (F 1,45 = 14.71, P = 0.0004) and environment (F 1,45 = 4.61, P = 0.037) affected the performances in the water maze, with no interaction between those variables (F 1,45 = 0.12, P = 0.73; Bonferroni post hoc tests, P > 0.05).
Regions and object of interest: stereological assessment
The optical fractionator principles were applied to immunolabeled sections to quantify the GFAP astrocytic marker; thus, we estimated the total number of astrocytes in the molecular, granular and polymorphic layers of the dentate gyrus. Figure 3 is a photomicrograph to illustrate objects of interest (GFAP-labeled astrocytes) of molecular, granular and polymorphic layer of dentate gyrus. Note the different morphologies of astrocytes in the different layers. Figure 4 shows low-and medium-magnification photomicrographs of representative horizontal sections from the dentate gyrus and hippocampus of all experimental groups. Pictures are inverted to negative contrast to improve the visualization of the astrocyte distribution in the layers of interest. The dentate gyrus granular layer and pyramidal cell layer of CA1 and CA3 (boxed areas) appear as dark bands of low astrocytic density located between the molecular and the polymorphic layers of the dentate gyrus, and between the oriens and radiatum of CA1 and CA3 layers, respectively. All layers Note that IA did not reduce escape latency whereas all other groups presented significant learning. Overall, EY showed a higher learning rate than all other groups. (B) Swimming trajectory tracks based on the average for each experimental group; the small circles in the upper left-hand quadrants represent the hidden platform. (C) Absolute values (black circles) of daily distance (m) traveled of each subject; white squares represent the average of the experimental group. Significant reductions of total traveled distance were observed on the 3rd, 5th and 7th days for young (EY, IY), EA and IA, respectively. * and # indicate significant differences in comparison to all other groups (two-way anova, P < 0.05). (one-way anova, P < 0.05, Bonferroni a priori test). IA, impoverished environment, aged mice; EA, enriched environment, aged mice; IY, impoverished environment, young mice; EY, enriched environment, young mice. Fig. 3 . Low-and high-magnification photomicrographs of a horizontal section from the hippocampal dentate gyrus immunolabeled for GFAP (astrocytic marker) to indicate the object of interest (in black). The layers of interest are labeled in the figure as Gr, granular layer; Mol, molecular layer; Pol, polymorphic layer. The boxed areas in the low-magnification panel (bottom) are shown at higher resolution in the insets (top). Note the different morphologies of astrocytes in the different layers. Scale bar: 100 lm (low magnification); 50 lm (high magnification).
Environment, aging, astrocytes and memory 513 of the dentate gyrus, regions of interest to the stereology assessment, were easily distinguished in all counted sections of all experimental groups. Thus, we established the limits of interest between the counted layers with no ambiguity. The medium-magnification pictures illustrate typical astrocytes of different layers and give a small sample of the morphological diversity among these cells in the dentate gyrus of albino Swiss mice. Note that the lacunosum molecular layer of CA1 and CA3 near the hippocampal fissure (boxed areas) revealed the higher expression of GFAP in IA, EY and EA groups, whereas the polymorphic layer present the higher expression of GFAP in the IA group. Although to a lesser extent, EC subjects, in comparison with IC, present higher expression of GFAP in the stratum lucidum of CA3.
Supporting Tables S4-S6 in the online supplementary material contain the estimations of the total numbers of astrocytes of the molecular, granular and polymorphic layers of the dentate gyrus for each experimental group. Direct comparative analysis of those values indicated that the molecular layer was affected by both long-term environmental and aging conditions. A higher number of astrocytes was induced by an enriched environment compared with those induced with aging. Indeed, the average differences induced by environmental changes in groups EY vs. IY or EA vs. IA were 4819 and 6177 astrocytes, respectively. In contrast, the differences induced by aging in groups EA vs. EY or IA vs. IY were 4507 and 3149 astrocytes, respectively. However, in the polymorphic layer, only aging induced environmental changes (IA vs. IY), with an average of 37% more astrocytes in the aged group compared with the young group. Finally, in the granular layer, neither environmental nor aging induced significant differences among groups. Figure 5 gives graphic representations of the total numbers of astrocytes in the molecular and polymorphic layers of the dentate gyrus; this facilitates a comparison of significant results. On average, aged mice from the enriched environment exhibited higher numbers of astrocytes in the molecular layer than young mice housed in a similar environment. Aging and enriched environment seem to promote an additive hyperplasia of astrocytes in this layer (Fig. 5A) . Indeed, the estimations of the astrocytes number in the molecular layer of the dentate gyrus revealed significant differences induced by age (F 1,16 = 9.24, P = 0.0071) and environmental (F 1,16 = 12.04, P = 0.0027) changes, but no interactions among these variables (F 1,16 = 0.45, P = 0.51). In contrast, the polymorphic layer was only affected by aging with a higher number of astrocytes in aged compared with young subjects (one-way anova, F 3,19 = 3.26, P £ 0.05; Fig. 5B ).
When two-way anova was applied to the total number of astrocytes of the dentate gyrus, it was found that enrichment affected significantly the results (F 1,16 = 6.22, P = 0.024), whereas aging revealed only a tendency in the same direction (F 1,16 = 4.24, P = 0.056). Although a significant increase in the total number of dentate gyrus astrocytes was only affected by environment, two-tailed t-test revealed significant differences (t 8 = 2.54, P = 0.035) between the estimations of IA and IY subjects.
In all cases, the variance introduced by methodological procedures was less than 50% of the observed group variance, giving a ratio of CE 2 ⁄ CV 2 < 0.5 (Slomianka & West, 2005) . The biological variation represented 77-99.6% of the total variation. Figure 6 illustrates average behavioral performances in the episodic-like memory test and the number of astrocytes in the molecular Fig. 4 . Low-and medium-magnification photomicrographs from hippocampus and dentate gyrus of representative horizontal sections of each experimental group immunolabeled for GFAP. GFAP-labeled cells appear white in negative contrast. The objects of interest were the astrocytes of dentate gyrus layers indicated as Gr, granular; Mol, molecular; Pol, polymorphic. In the boxed areas the dentate gyrus (DG), CA1 and CA3 are indicated. Note that the lacunosum molecular layers of CA1 and CA3 near the hippocampal fissure show higher expression of GFAP in IA, EY and EA groups, whereas the polymorphic layers show higher expression of GFAP in the IA group. LMol, lacunosum molecular layers; Or, oriens; Rad, radiatum. IA, impoverished environment, aged mice; EA, enriched environment, aged mice; IY, impoverished environment, young mice; EY, enriched environment, young mice. Scale bars: 250 lm.
layer of the dentate gyrus of the same subjects from different experimental groups. We defined as 70% the minimal acceptable difference in the time of exploration between the objects to indicate that the object recognition had occurred. The dotted line in the figure points to this level, indicating that on average IA subjects did not reach the criteria. Note that the average values of discrimination index reproduced in the selected subjects for counting, the same tendencies observed in the water maze and episodic-like memory tests. However, we did not find a simple correlation between the astrocytes numbers and episodic-like memory performances.
Discussion
The results of the present study demonstrated that a 24 h ⁄ day complex environmental enrichment had differential effects on the number of astrocytes in the dentate gyrus and on the performances in episodiclike and water maze memory tests among young and aged female albino Swiss mice. After 20 months, mice reared under IC exhibited cognitive dysfunctions in both tests. After 6 months, mice reared under IC also exhibited changes in the performances in episodic-like memory and water maze tests. In contrast, continuous environmental enrichment, beginning early in life (21st postnatal day), induced astrocyte hyperplasia in the molecular layer, preserved episodic-like memory and reduced the impact of aging on the Morris water maze spatial memory. Taken together the results suggested that different degrees of laminar astrocytosis were induced in the murine dentate gyrus by environmental and aging conditions. It also suggests that an enriched environment may protect against abnormal cognitive development and cognitive decline due to aging. Because aged subjects raised in EC had improved memories compared with those raised in IC, we speculate that the astrocytosis detected in these conditions may arise from different astrocytic phenotypes.
Cognitive performances of adult C57Bl ⁄ 6 mice were previously assessed with an integrative episodic-like memory test (Dere et al., 2006) . Adult, but not aged, albino Swiss mice were previously investigated for spatial memory and learning (Koopmans et al., 2003; Rao et al., 2005; Prediger et al., 2007) , but not for episodic-like memory. Thus, the present report is the first evidence in young adult albino Swiss mice that integrative episodic-like memories and, to a lesser extent, water maze learning and memory (Morris, 1984) are especially susceptible to deterioration after living in an impoverished environment for 6 months or more. In addition to the behavioral studies, we analysed the effects of environment and aging on astroglial plasticity in the hippocampal dentate gyrus with an optical fractionator.
Acquisition and retrieval of spatial information are hippocampaldependent tasks that can be impaired by structural ⁄ functional changes induced by aging (Riedel et al., 1999; D'Hooge & De Deyn, 2001 ). Spatial memory decline has been associated with age-related changes in the brain regions involved with spatial learning, e.g. the hippocampal formation (Teather et al., 2002; Frick & Fernandez, 2003; Rosenzweig & Barnes, 2003) . In the present report, the water maze tests revealed that IA subjects did not exhibit an ability to learn and remember the position of a hidden platform; in contrast, IY, EY and EA individuals did exhibit these abilities, albeit to different extents. We did not find any significant differences in swimming speeds between young and aged mice in either the IC or the EC groups; this suggested that cognitive decline, rather than physical differences, was more likely to explain the differences in performance in the water maze task. Another way to interpret these results could be that the differences in the performances of the young group (EY and IY) in comparison with the aged group (EA and IA) were due to the fact that they started out with different distances traveled (Fig. 2B) . However, when a normalized relative scale expressed as an index of ) the polymorphic layer of the dentate gyrus. Note the additive effects of enriched environment and aging on the number of astrocytes in the molecular layer, and the effect of aging, but not environment, on the number of astrocytes in the polymorphic layer. * and # indicate significant differences in comparison to all other groups, two-way anova, Bonferroni, P < 0.05. * in brackets indicates significant difference between IY and IA, two-way anova, Bonferroni P < 0.05. IA, impoverished environment, aged mice; EA, enriched environment, aged mice; IY, impoverished environment, young mice; EY, enriched environment, young mice. Fig. 6 . Graphic representation of the average values of episodic memory-like test (right y-axis) and number of astrocytes in the molecular layer of the dentate gyrus (left y-axis) of five subjects of each experimental group. Points above 70% (dotted line) indicate the experimental group that completed the object recognition task. Note that there is no simple correlation between the number of astrocytes and behavioral performances. IA, impoverished environment, aged mice; EA, enriched environment, aged mice; IY, impoverished environment, young mice; EY, enriched environment, young mice. Environment, aging, astrocytes and memory 515 learning rate (see Materials and methods) is applied to each animal ( Fig. 2A) , it becomes evident that on average the learning rate is higher in EY and IY in comparison with EA and IA. Indeed, EY and IY presented significant differences in the escape latency at the 3rd day, whereas EA and IA only at the 5th and 7th day, respectively. In agreement, two-way anova confirmed that both environment and aging affected MWM performances.
It has previously been confirmed that episodic-like memory in rats and mice is a hippocampal-dependent task, as it is selectively disrupted by fornix lesions, by lesions of the dorsal and ⁄ or ventral hippocampus, by disruption of the CA3 network, or by hippocampal infusion of N-methyl-d-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor antagonists (Daumas et al., 2004; Eacott & Norman, 2004; Ergorul & Eichenbaum, 2004; Bast et al., 2005; Li & Chao, 2008) . We detected episodic-like memory impairments in both young adult and aged mice raised in IC; thus, we reasoned that the hippocampus could be an important target for the pathophysiological changes associated with IC in female albino Swiss mice. Each hippocampal region contains a distinct population of neurons that express unique molecular profiles (Zhao et al., 2001) , and the dentate gyrus seems to be particularly sensitive to age-related changes (Small et al., 2004) . Therefore, we speculate that spatial memory deficits in young adult mice may have different pathophysiological mechanisms than those in aged mice, and that both are additive to the influences of an impoverished environment. Indeed, when young adult and aged mice raised in IC were tested for spatial memory and learning with the water maze paradigm, the young adults were able to learn and remember the position of the hidden platform after five training days, but the aged mice were unable to complete the test at this time point. These results suggested that, after 6 months of IC, the hippocampal requirements for spatial learning in young mice could be reactivated with training. As expected, memory capabilities became worse when advanced age was combined with an impoverished environment; under these conditions, learning and memory at the Morris water maze took 7 days to become significant, but all types of episodic-like memories deteriorated. In contrast, aged mice that grew up in enriched environments exhibited relatively unimpaired learning and memory in all memory tests. This suggested that the consolidation and retrieval mechanisms for these memories were spared under enriched environmental conditions.
Dentate gyrus astrocytes, impoverishment, aging and cognitive decline
The pathophysiological bases for memory impairments have not yet been completely elucidated, but the impact of enriched environment on glial cells has been previously described (Altman & Das, 1964) . In this context the main novelty of the present work is the inclusion of aged mice and the description of how regional gliogenesis changes with aging.
In that light, it is interesting to discuss possible connections between the quantitative astrocytic response and the cognitive protection observed with environmental enrichment in the present report. Our stereological analysis of hippocampal sections from IC aged mice revealed hyperplasia of astrocytes compared with equivalent sections from IC young adults. These differences were associated with a striking cognitive decline in IC aged mice. In contrast, EC aged mice exhibited a higher number of astrocytes in the molecular layer compared with IC aged mice. Interestingly, EA subjects exhibited the ability to form integrated memories in the spatio-temporal context and learned to find and remember the position of the hidden platform in the water maze test. Accordingly, the analysis of the water maze test video revealed that there was a gradient between the EY (who exhibited the best learning rate) and IA (who exhibited no learning) mice. This was evidenced by the intermediate performances of IY and EA individuals. However, the molecular layer of the dentate gyrus was additively affected by both environment and aging; thus, we speculate that astrocytosis induced by environmental enrichment may have a different functional role than that induced by aging. Indeed, it has been demonstrated more recently that astroglia induces neurogenesis from adult neural stem cells (Song et al., 2002) , and that astrocytes regulate synapse formation (Mauch et al., 2001; Ullian et al., 2001) and modulation (Haydon, 2001) , confirming an active rather than supportive role for astrocytes in adult brains. In addition regional specificity to these cells with distinct subtypes regulating different functions in different regions has been described. For example, Song et al. (2002) found regional differences in astrocytes in neurogenic (dentate gyrus) vs. non-neurogenic (spinal cord) areas. In this context we may interpret that it is possible that different phenotypes of astrocytes in different layers of dentate gyrus may increase selectively as a consequence of enrichment and aging.
In line with this view, the presence of synaptic potentiation via astrocytic glutamate exocytosis at the entorhinal-to-dentate granular cells (perforant pathway) has been described in the dentate molecular layer. By this mechanism astrocytes participate in synaptic tuning in circuits involved in cognitive processing and the control of the mossy fiber-to-CA3 synaptic input (Jourdain et al., 2007) . This interpretation would predict more conspicuous changes in the lacunosum molecular layers of CA1 and CA3, target of dense bilateral projections from entorhinal cortex through perforant pathways (van Groen et al., 2003) . Indeed, semi-quantitative analysis of astrocyte distribution in CA1 and CA3 of enriched and aging experimental groups (boxed areas of Fig. 5 ) revealed a much higher expression of GFAP in the stratum lacunosum molecular layer of CA1 and CA3. These data are consistent with the hypothesis that the lacunosum molecular astrocytes may have an important role in synaptic plasticity, and that the experiencedependent GFAP increasing induced by enrichment may be contributing through enhancing this plasticity.
Conversely, even in the absence of neurological disease, a more reactive phenotype of astrocyte is expressed during aging as part of an increased and maintained pro-inflammatory profile that may be associated with cognitive dysfunction; for review, see Godbout & Johnson (2009) . We suggested that IC aged subjects may express higher numbers of pro-inflammatory phenotypes than the aged subjects housed in EC. Morphological 3D reconstructions of astrocytes presently on course in our lab will try to investigate possible morphometric distinctions between enrichment-and aging-induced astrocytes changes.
The notion that aging and impoverished environments may cause similar cellular and molecular alterations in the hippocampus is supported by another study that showed that two nutritional supplements, CDP-choline and uridine monophosphate, prevented spatial memory impairments in both young IC and aged control SpragueDawley rats (Teather & Wurtman, 2005 , 2006 . In the present report, we detected differential effects of impoverished environments on the memories of young adult and aged mice. Furthermore, different effects were observed in different layers of the dentate gyrus; in the molecular layer, aging and impoverished environment induced additive astrocytic hyperplasia; in the polymorphic layer, aging induced hyperplasia; and, in the granular layer, neither aging nor environment affected the number of astrocytes. Thus, non-neuronal plasticity was differentially associated with experience in different parts of the laminar circuitry.
However, because we did not find any simple correlation between the estimations of astrocytes and behavioral performances, quantitative connections between those variables remain open for further investigations. Indeed, the stereological data of the present report are based on five subjects, making it difficult to correlate the behavioral performances with astrocytic changes.
Although a significant increase in the total number of dentate gyrus astrocytes was only observed in young mice raised in EC vs. IC, statistical analysis revealed a tendency of a higher number of astrocytes in IA in comparison to IY subjects (two-way anova, F = 4.24, DFn = 1, DFd = 16, P = 0.056). This fact is coherent and reproduces previous reports that demonstrated the presence of astrocytosis in the dentate gyrus in aged mice (Mouton et al., 2002; Lei et al., 2003) .
A future extension of this study could be to establish, in longitudinal studies, quantitative correlations between pathophysiological changes in astrocytes of other regions of the hippocampus and behavioral performance. This would allow better resolution of the mechanisms of cognitive decline and brain plasticity related to aging.
Non-stereological technical limitations
Estimations of the number of astrocytes in the dentate gyrus of rats and mice have varied among studies (Nishimura et al., 1995; Pilegaard & Ladefoged, 1996; Long et al., 1998a; Mouton et al., 2002; Grady et al., 2003; Lei et al., 2003) . These contradictions may result from differences in estimation methods, different animal lineages, variations in histological procedures, different stereological protocols, and ambiguities in the definition of the objects and areas of interest. To reduce these possible sources of error when comparing animal groups in the present report, all samples were obtained with the same tissue-processing protocols (perfusion, immunoreaction, dehydration, counterstaining and clearing), and all data were collected and analysed with the same stereological method, software and hardware. To detect possible variations in the criteria for identifying the objects of interest, we underwent checking procedures of the results by having different investigators count the same regions using the same monoclonal GFAP antibody as a selective marker for astrocytes.
As a result, possible variations associated with non-biological sources were reduced to acceptable levels in the present report (Mouton et al., 2002; Slomianka & West, 2005) .
Hormones and astrocytes
Apart from aging and environment, sexual hormones may change the number of glial cells in the dentate gyrus. In fact, aged C57Bl6J female mice presented 35% more astrocytes than age-matched males (Mouton et al., 2002) . In the present report, aged females may have been depleted of estrogenic protection; thus, we reasoned that at least part of the astrocytosis might be related to estropause. In support of this reasoning, ovariectomized female mice given an estrogenic replacement showed a reduced number of astrocytes in the dentate gyrus compared with an ovariectomized placebo group (Lei et al., 2003) .
Finally, astrocytic plasticity may be affected by corticosteroids, which inhibit astrocytic activation (Liu et al., 2008) . In the present report, it could be argued that manipulation-induced stress during the behavioral tests might have altered the plasma corticosteroid levels, and this affected astrocytic plasticity. We did not measure plasma corticosteroid levels; therefore, we cannot exclude the possibility that different levels of corticosteroids might explain the results. However, behavioral tests were applied to all subjects of all experimental groups; thus, we can exclude the possibility that manipulation-induced stress might explain the results.
Conclusion
The results of the present study demonstrate for the first time within a single report that the effects of environmental enrichment on episodiclike memory are not dependent on age in female albino Swiss mice. Indeed, in the integrative tests, the performances of both young adult and aged mice were improved by enriched environments. Moreover, the water maze test revealed that early onset and long-term environmental enrichment may protect spatial learning and memory from declines induced by aging or environmental impoverishment. A quantitative analysis of the laminar distribution of the astrocytes in the dentate gyrus revealed that the molecular layer developed astrocytosis in response to both environmental enrichment and aging, but the polymorphic layer was altered only by aging. Because aging and enriched environment induced astrocytosis in the molecular layer of the dentate gyrus, it is a temptation to speculate that those two conditions may induce the proliferation of different astrocyte phenotypes. Finally, our work is consistent with previous reports that showed impoverished or enriched environments could prevent (Spangler et al., 1994; Winocur, 1998; van der Staay, 2002) or preserve (Petrosini et al., 2009) , respectively, normal cognitive development. Taken together, our findings showed that early onset and extended environmental enrichment, with enhanced sensorimotor, cognitive and social stimulations, induced experience-dependent astrocytic plasticity in the molecular layer of the dentate gyrus. This glial plasticity may represent at least part of the circuitry groundwork for improvements in behavioral performance and maintenance of performance in the aged brain.
Supporting Information
Additional supporting information may be found in the online version of this article: Table S1 . Optical fractionator counting results for the molecular layer of the dentate gyrus of adult female albino Swiss mice. Table S2 . Optical fractionator counting results for the granular layer of the dentate gyrus of adult female albino Swiss mice. Table S3 . Optical fractionator counting results for the polymorphic layer of the dentate gyrus of adult female albino Swiss mice. Table S4 . Estimated individual unilateral astrocytes numbers (N) with the coefficient of error (CE) for molecular layer of the dentate gyrus of albino Swiss mice. Table S5 . Estimated individual unilateral astrocytes numbers (N) with the coefficient of error (CE) for granular layer of the dentate gyrus of albino Swiss mice. Table S6 . Estimated individual unilateral astrocytes numbers (N) with the coefficient of error (CE) for the polymorphic layer of the dentate gyrus of albino Swiss mice. Please note: As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer-reviewed and may be re-organized for online delivery, but are not copy-edited or typeset by Wiley-Blackwell. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.
